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基酸为化学小分子分子内催化模型，综合运用 31P NMR 动态跟踪技术、高分辨
质谱(HRMS)、ESI-MS/MS 多级质谱技术、 LC-MS、稳定同位素标记 (15N，18O，
D) 技术等对磷酰基分子内活化分子间迁移反应做了系统研究。 
   N-单烷氧基磷酰化氨基酸在弱碱性（pH= 8.0-9.0）条件下很稳定，而在弱酸




用 15N 标记 31P NMR 对比分析、ESI-MS/MS 二级裂解及合成标准品对照等进行
结构确认。另外，N-单甲氧基磷酰化甘氨酸还能发生成肽反应，LC-ESI-MS 定
性分析发现反应生成甘甘二肽（GG）、三肽 GGG 及少量四肽 GGGG，HPLC 定
量分析发现 GG 产率达到 13.0%；同时，金属 Mg2+在抑制成肽的同时能催化焦
磷酸酯键的形成，产率达到 17.2%。总之，N-单烷氧基磷酰化氨基酸的磷酰基能
在分子内催化下活化，发生分子间迁移反应，形成高能焦磷酸和磷酸-羧酸混酐






基酸只能发生氧迁移反应，不能重排形成 CAPA 离子。 
同时，运用电喷雾质谱对氨基酸两种磷酰化活化方式（N-和 C-磷酰化）的
代表性化合物腺苷 N-磷酰化氨基酸和氨酰腺苷的气相性质做了系统对比研究。
在负离子模式下，氨酰腺苷中腺苷的 3’-OH 进攻磷酰基，氨基酸离去形成 3’,5’-
































最后，对抗病毒核苷 d4T 和 AZT 的 N-磷酰化氨基酸酯和 H-亚磷酸酯非对
映异构体进行超高效液相色谱（UPLC）分离。UPLC 分离中使用 1.7 m 粒径非
手性 C18 填料色谱柱。在最优分离条件下，两类不同结构化合物的非对映异构体
























Phosphoryl transfer reaction plays an important role in biological system and 
prebiotic chemistry. In order to investigate the molecular mechanism of phosphoryl 
transfer reaction that catalyzed by macromolecules especially for the protein kinases, 
the N-monoalkyloxyphosphoryl amino acids (N-MAP-AAs) were synthesized and 
systematically explored as the intramolecular catalysis model to understand the 
phosphoryl group transfer reaction using 31P NMR, high resolution mass spectrometry 
(HRMS), ESI-MS/MS tandem mass spectrometry, LC-MS and isotope labeling 
techniques (15N, 18O, D). 
First of all, N-MAP-AAs were stable under slightly basic condition in aqueous 
solution (pH= 8.0-9.0). However, when the pH was adjusted to 4.0-5.0, N-MAP-AAs 
were very active and a great many of novel reactions were observed. Under slightly 
acidic condition, phosphoryl group of N-MAP-AAs could spontaneously intra- 
molecular transfer to carboxyl to form a pentacoordinate cyclic acylphosphoramidate 
intermediates, which could be nucleophilically attacked on phosphorus atom by 
carboxyl groups of acetic acid or amino acids to form “high-energy” anhydride 
phosphoester bonds through the cleavage of P-N bonds leading to an inter-molecular 
phosphoryl transfer. The chemical structures of the mixed anhydride intermediates 
were confirmed by 15N labeled 31P NMR analysis, ESI-MS/MS and comparison with 
authentic samples. Furthermore, LC-ESI-MS analysis of the reaction mixture showed 
that the formation of dipeptide Gly-Gly (yields, 13.0%), GGG and trace amount of 
GGGG. In addition, it was worth noting that the divalent ion of magnesium could 
catalyze the formation of pyrophosphate, and its yield was up to 17.2%. By changing 
of the acidic/basic reaction conditions, N-MAP-AAs are capable of transferring its 
chemical energy from the P-N bond to high energy phosphoric-phosphoric anhydride 
or phosphoric-carboxylic mixed anhydride P-O bond through the self-activated 
intramolecular catalysis and intermolecular phosphoryl transfer reaction. 
In gas phase, two rearrangement reactions were observed for fragmentation of 















group migration; (2) formation of cyclic aminoacyl phosphates (CAPA). The possible 
rearrangement mechanism was confirmed by identification of fragmentation patterns 
of the active hydrogen labeled and methoxy group labeled (CD3O-) 
N-monomethoxyphosphoryl valine (N-MMP-Val) by ESI-MS/MS. Furthermore, it 
was found that the [M+Na]+ ion of N-MMP-Val and N-phosphono-amino acids could 
only generate ions of the oxygen migration but not yield CAPAs. 
Meanwhile, the isomeric aminoacyl adenylates and amino acid phosphoramidates 
of adenosine were synthesized and analyzed in detail by electrospray ionization 
tandem mass spectrometry (ESI-MSn). In ESI-MS/MS of aminoacyl adenylates, the 
novel rearrangement ion [cAMP-H]- observed as the most intense signal was formed 
through the pentacoordinate phosphorus intermediate with a five-membered ring by 
the nucleophilic attack of 3’-hydroxyl group to phosphorus atom. On the contrary, for 
the amino acid phosphoramidate of adenosine, the phosphorus atom could be attacked 
not only by the carboxylic group to form the cyclic aminoacyl phosphoramidates 
(CAPAs) but also by nitrogen atom (N9) on nucleobase through the cleavage of the 
C-N glycosidic bond leading to the intramolecular phosphoryl group migration. The 
proposed mechanisms were supported by the MS/MS study, deuterium-labeled 
experiments, comparison of different functional groups, high resolution tandem mass 
spectrometry and moderate theoretical calculations. 
In addition, in order to investigate the interactions between metal ions (Li+, Na+, and 
K+) and phosphoryl group, the collision-induced dissociation reactions of a variety of 
DIPP-dipeptides have been studied in detail using MS/MS experiments, isotope (18O, 
15N, and 2H) labelling, accurate mass measurements and DFT calculations. A novel 
rearrangement reaction with carbonyl oxygen migration was observed in ESI-MS/MS 
of the metallic adducts of DIPP-dipeptides, but not for the corresponding protonated 
DIPP-dipeptides. It was found that lithium and sodium cations catalyze the carbonyl 
oxygen migration more efficiently than does potassium (Li+≈Na+>>K+). In addition, 
N-phosphoryl dipeptides having a C-terminal hydroxyl (Ser, Thr) or aromatic amino 
acid residue (Phe) show a more favorable rearrangement through carbonyl oxygen 















DIPP-Ala-Phe, DIPP-Val-Phe, DIPP-Val-Ser and DIPP-Ala-Thr were close to 100%, 
which might be due to metal cation stabilization by the donation of lone pair of the 
hydroxyl oxygen or aromatic -electrons of the C-terminal amino acid residue, 
respectively. It was further shown that the metal ions, namely lithium, sodium, and 
potassium cations, could play a novel role for the migration of hydroxyl or carbonyl 
oxygen in the gas phase. This discovery suggests that interactions between 
phosphorylated biomolecules and proteins might involve the assistance of metal ions 
to coordinate the phosphoryl oxygen and protein side chains to achieve molecular 
recognition. 
Finally, the nucleoside-based antiviral phosphoramidates and H-phosphonates were 
synthesized and separated using ultra-performance liquid chromatography (UPLC) on 
bridged ethane hybrid (BEH) C18 column packed with 1.7 m particles of non-chiral 
stationary phase. The influences of the composition of mobile phase and column 
temperature have been investigated to optimize the diastereoisomeric separation. 
Complete separations of the phosphoramidate and H-phosphonate prodrugs with good 
resolution (RS= 1.99-2.77) were achieved within 10 min. Partial validation studies, 
such as the linearity, accuracy, repeatability and detection limit, yielded better results 
than the performance of conventional HPLC method. In addition, Using MS as 
detection, the limits of detection and quantification of the studied pronucleotide 
diastereoisomers were determined in the range of several ng/mL level. 
In conclusion, the interactions of phosphoryl group, amino acids and metal ions 
were investigated using N-phosphoryl amino acids and N-phosphoryl dipeptides as the 
small molecule models by combinations of modern mass spectrometry, liquid 
chromatograpy and NMR, especially by the isotope labeling technique. The results in 
the thesis might provide some clues for understanding the biological reactivities of 
proteins and phosphoryl proteins in living system. 
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符号缩写表 
符号 英文含义 中文含义 
ESI-MS Electrospray Ionization Mass Spectrometry 电喷雾电离质谱  
CAPA Cyclic Aminoacylphosphoramidate 环状氨基酸-磷酸混酐 
N-DAP-AAs N-Dialkyloxyphosphoryl Amino Acids N-二烷氧基磷酰化氨基
酸 
N-P-AAs N-Phosphono Amino Acids N-磷酸化氨基酸 
N-MAP-AAs N-Monoalkyloxyphosphoryl Amino Acids N-单烷氧基磷酰化氨基
酸 
PKA Protein Kinase A 蛋白激酶 A 
Gly Glycine 甘氨酸 
Ala Alanine 丙氨酸 
Aba γ-Butyric Amino Acid γ-丁氨酸 
Val Valine 缬氨酸 
Leu Leucine 亮氨酸 
NFPA Nonafluoropentonoic Acid 全氟戊酸 
TFA Trifluoroacetic Acid 三氟乙酸 
MALDI Matrix Assisted Laser Desorption 
Ionization 
基质辅助激光解吸电离
HPLC High Performance Liquid Chromatography 高效液相色谱 
UPLC Ultra Performance Liquid Chromatography 超高效液相色谱 
DCC N,N’-Dicyclohexylcarbondiimide 二环己基碳二亚胺 
DIEA N,N’-Diisopropyl-N-ethylammonium 二异丙基乙基胺 
CDI 1,1’-Carbonyldiimidazole 羰基二咪唑 
DIPPH Diisopropyl H-Phosphite 二异丙氧基氢亚磷酸酯
OPA o-Phthaldialdehyde 邻苯二甲醛 
MPA 3-Mercaptopropionic Acid 3-巯基丙酸 
P3m Trimetaphosphate 偏三聚磷酸盐 
HR-MS High Resolution Mass Spectrometry 高分辨质谱 
TOF-MS Time of Flight Mass Spectrometry 飞行时间质谱 













  vii   
LC Liquid Chromatography 液相色谱 
HIV Human Immunodeficiency Virus 艾滋病病毒 
AZT 3’-Azido-2’,3’-Deoxythymidine 叠氮脱氧胸苷 
d4T 2’,3’-Didehydro-2’,3’-Deoxythymidine 2’,3’-双脱氢-2’,3’-双脱
氧胸苷 
TIC Total Ion Current Chromatography 总离子流 
R.S.D. Relative Standard Deviation 相对标准偏差 
LOD Limit of Detection 最低检测限 
LOQ Limit of Quantification 最低定量限 
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